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A matheI?atical ~odel of the magneto~pheric electric field imposed upon the ionosphere is presented . The
model ~rovldes a~ mte~planetary magn~tlc field (I~F) dependent description of the magnetospheric electric
field at IOno~~her~c altltude~ for glob~llOnosphenc and thermospheric modelers. Although many theoretical and empmcallonosphenc convection mo?el~ have been published, none give both a quantitative and a
general Kp , IMF (Bx, By, B~) dependent descnp~IO~ . The need for such a model is particularly pressing with
the success ~f the I?ynaffilc ~xplorer (DE) mISSIon. As a result of this mission, extensive data sets of
thermosphenc a.nd lOnosphenc parameters for well-defined IMF orientations have been acquired . These
data sets, especlal.l y for northward I~F orientations, are so complex that global models of both the
thermosphere and lOnosphere ~re reqUlre.d to help unrav~l the physics. Our convection model is an empirical
model ~ased up~n a syntheSIS of published observatIOns and current understanding. It describes the
convectIOn
electriC
field byf a set of simple functions
which are dependent on Kp and IMF (Bx, By, B z)· Th ese
. If
.
·
simp e ~nctlOns create a . rame~o~k by which current and future empirical data can be used to adjust the
model. Smce no recent ~aJor statlstlcal surveys have been made of ionospheric electric fields these functions
'
(based upon a few pubbshed case studies) are exceedingly simple.

1.

INTRODUCTION

In this paper we present a mathematical model of the magnetospheric electric field imposed upon the ionosphere. The model
provides an interplanetary magnetic field (IMF) dependent
description of the magnetospheric electric field at ionospheric
altitudes for global ionospheric and thermospheric modelers.
Large-scale ionospheric and thermospheric modelers require a
description of the magnetospheric electric field (convection
field), since it is the main transport mechanism for plasma and a
major momentum and heat source for the neutral thermosphere. However, a convection model must be both quantitative
as well as computationally fast; that is, as an input function it
should use a relatively small amount of computer time. These
two criteria were used in the construction of our convection
model.
Althou~h man~ theoretical and empirical models of the magneto~ph~nc electnc field have been published, none go beyond a
qualitative IMF dependence or a description of the electric field
for a particular IMF orientation. Our model is the result of a
comparison of both published observations and qualitative
models. A by-product of this study is a list of observations and
datared~ctions which we feel are needed to define the temporal
~d spatial dependencies of the magnetospheric electric field on
~~ IMF. In the conclusion, we critically discuss the validity of
,or any other, IMF-dependent model. Our model which
usesf
.
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to
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zeroth-order input. In the following, we shall briefly review the
theoretical and observational literature on how the magnetospheric electric field depends upon the IMF.
The two-cell nature of the magnetospheric electric field at
ionospheric altitudes was theoretically predicted by Axford and
Hines [19611 Piddington [1962], and Dungey [1961]. Conceptually, the incorporation of the electric field into a magnetospheric-ionospheric system was made by Vasyliunas [1972].
Volland [1973 , 1975, 1978] made the first attempts at qualitatively modeling the electric field by considering ionospheric
conductivities and currents. He also attempted to semiempirically introduce an IMF dependence. The relative simplicity of
the basic Volland models have made them the major electric
field models used by the global ionospheric and thermospheric
modeling community [Roble et al., 1982; Schunk and Walker,
1973; Schunk and Raitt, 1980; Sojka and Schunk, 1985]. Topological considerations of how IMF antiparallel merging on the
magnetopause occurs led Crooker [1979] to qualitatively describe how the magnetospheric field at ionospheric altitudes
would depend upon the IMF By / Bz orientation. These results
were consistent with a variety of ionospheric observations (see
below). Since this Crooker study, several other workers have
extended the use of antiparallel merging considerations to describe the magnetospheric electric field in the ionosphere [Reiff
and Burch, 1985; Chiu et al., 1985]. However, these model
results are purely qualitative.
Lyons [1985] mapped the solar wind electric field into the
ionosphere by a simple IMF-dipole magnetic field superposition model. By using only a dipole to represent the earth's field
this study again leads to only qualitative results. Lyons himse~
points out the unrealistic nature of the predicted ionospheric
electric fields. For northward IMF orientations, Lyons [1985]
does theoretically predict how the "four-cell" distribution can be
created.
An alternative approach to modeling the magnetospheric
electric field in the ionosphere is to solve an ionospheric current
and conductivity problem [Kamide et al., 1981; Feldstein et al.,
1984]. This method replaces the electric field problem with that
of defining how the global current system depends upon the
IMF and how the conductivity model is related to the current
system. Feldstein et al. [1984] show how this procedure leads to
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electric field distributions which depend upon the IMF. This
work is still at an early stage of development and only gives
slightly more than qualitative trends.
To date, theoretical models of the magnetospheric electric
field or even its origin are very primitive or expensive to run. The
maj or theoretical models of the magnetospheric electric field are
those of Spiro et al. [1981], Harel et al. [1981], and Yasuhara et
al. [1983]. These models successfully couple various ionospheric
and magnetospheric processes in order to simulate the electric
field in the ionosphere and magnetosphere. Unfortunately, the
models are limited to auroral and mid-latitude ionospheric
regions. In addition, it is, at present, too expensive to run these
models as an input function for a large-scale ionosphericthermospheric simulation. By themselves, these models do not
yield a quantitative description of the electric field at ionospheric altitudes as a function of IMF (especially northward).
Satellite measurements of the high-latitude ionospheric electric field made large-scale inferences of the magnetospheric
electric field possible [Cauffman and Gurnett, 1971; Heppner,
1972, 1973]. Even with these early results, a simple dependence
upon the Kp magnetic index, as well as a higher-order IMF
dependence, was found. Indeed, to date, the work of Heppner
[1972] is the only major statistical study of ionospheric electric
field signatures observed by satellites. The dawn-dusk results of
these initial Heppner studies were extended to two-dimensional
electric field maps by Heppner [1977]. These studies favored
southward IMF configurations because it was found that for
northward IMF in winter the polar cap electric field was very
irregular, showing no large-scale pattern.
Burkeet al. [1979]found that for "strongly" northward IMF,
a four-cell electric field pattern is observed. This feature is
present for only a small percentage of the time; statistically no
exact figure is available yet. Following this observation, several
other workers have carried out data studies for selected IMF
orientations or specific regions of the ionosphere. Heelis and
Hanson [1980] looked at whether electric field reversals were
shear or rotational, Heelis [1984] looked at the cusp electric field
geometry as a function of the IMF, and Burch et al. [1985] used
the DE data base to consider IMF By dependencies. Based upon
discrepancies between the observed electric field and the
Volland simple analytic models, Heelis et al. [1982] put forward
an analytic model which has several free parameters that enables
the user to modify a Volland two-cell pattern.
With the advent of the incoherent backscatter radars, a
ground-based method of observing the ionospheric electric field
became possible. From both Chatanika in Alaska and Millstone
Hill in Massachusetts, the electric field has been mapped as a
function of local time up to invariant latitudes of about 72°
[Evans et al., 1980; Foster et al., 1981]. Data from both radar
sites have been used to produce ionospheric electric field models
[Evans et al., 1980; Foster, 1983]. Unfortunately, these data sets
only cover latitudes equatorward of about 72° invariant latitude, a region not particularly dependent on the IMF. The
Sondrestrom incoherent scatter radar, which is located in the
polar cap, is expected to yield very useful data on the IMF
dependence of the ionospheric electric field [Clauer et af. , 1984;
de fa Beaujardiere et al., 1985]. A wide variety of ionospheric
electric field measurements for different IMF orientations has
already been published, although statistics on the occurrence
frequency and correlation of signatures is lacking.
We have constructed our model using both quantitative and
qualitative data from the above references. Current understand-

ing of how the IMF-dependent electric field is 51;1.1CnlLtPtf
inadequate that only empirical modeling is feasible. In
these empirical inputs are discussed and give rise to the
The model is then presented in an ionospheric COI:lVP:C'ti.,,_
tion ~h~re c?rotat~on is an importan~ ingredient. This leads
descnptIOn 10 sectIOn 4 of sunward Ionospheric plasma
port in the polar cap for northward IMF orientations. In
5 we discuss the validity of the model and areas in Which
empirical results are required.

2.

DESCRIPTION OF THE IMF-DEPENDENT MODEL

Convection exhibits a two-celled nature during
southward IMF, while during some periods When the
northward, a four-celled pattern with sunward convection
the polar cap is seen. In this section a simple ma.themal~~
model is described which has these general features. Many
parameters which make up the model are assumed
dependent upon magnetic activity (via the Kp index) as
the interplanetary magnetic field. The dependence of some
these parameters on the IMF and Kp is purely conjectural, "
for others there exists empirical evidence for our ..............JiVIL
section 3 we present these parameters and the empirical
which supports some of the selected values.
For convenience, the ionosphere is assumed to be
the polar cap boundary into two main regions. The '
potential is defined on each of these regions, and
different regions are connected with appropriate boundary
ditions. The functional form of the potential in the two
has been chosen so as to give two-celled convection with
sunward flow over the polar cap and return flow ",n., "t,I"\MI.'llrtli"lIf'
the polar cap boundary. An additional potential is added
polar cap region whenever the z component of the t'"'t..rnilirIN....
tary magnetic field turns northward. This additional J.lUI""UIJ~>iIl.
causes the ionospheric flow to be diverted into a touLr-clmCU,;: '
pattern. The functional forms chosen for the potentials are
described.
2.1.

Potential for Bz Southward

In the region outside of the polar cap the electric fie!lll IV,.
assumed to vary linearly with colatitude 8. Starting from
polar cap boundary (8 = Ope), the meridional electric
increases from zero to a maximum at Omax and then decrease!to
zero again at the equatorward boundary Oeq. These regions ate
shown schematically in Figure 1, where regions I and 11 are.
poleward and equatorward of the boundary, 0 = Omax, resJlCOl
tively. The electric potentials in these two regions are given bf

and
(0

0)2

<I> (0 A..) - <I> (A.. K. )
- eq
II
, o.p pe o.p, p (Oeq - Omax) (Oeq - Opc)

where ¢ is the azimuthal angle starting from midnight, as sbO: :
in Figure 1, and <l>pc( ¢) is the potential along the perimeter~
polar cap. Equatorward of the boundary, 0 = Oeq, the poten ~.
rero.
~
In the region inside of the polar cap boundary we assuIIle
potential to be given by

11 ,283

SOJKA ET AL. : MOD EL OF IONOSPH ERI C C ONVECTION

3.

EMPIRI CALLY S UGG EST ED RELATIONSHIPS

As noted above, our model contains parameters, such as the
size of the polar cap region, Ope, which are presumed to depend
on the Kp index and on the interplanetary magnetic field . Whenever possible, we have tried to model this dependence using
empirical evidence. This modeling is described in this section.

3.1.

Fig. I. A schematic representation of adopted convection boundaries
in a polar coordinate system. Th~ gr~y i~ner ci~cle defines the p~lar cap
region. The bottom of the figure IS mldmght with dawn on the nght and
the magnetic pole is at the center.

4>(0, cP) = CPpe(cP = cPx, Kp)

[ --;===s=in=o=sin=cP==~_ 2f(B) cos (:0:)]

. J sin2 Ope -

sin 2 0 cos 2

(2)

cP

where

cPx =

sin- 1

Note that the IMF-dependent functionf(B), which is defined in
the section 3, forces an asymmetry between the flow in the
morning and evening sectors within the polar cap.

2.2. Additional Potential for Bz Northward
Whenever the z component of the interplanetary magnetic
fieJd turns northward, an additional potential 4>' is added to the
polar cap region. The direction of the electric field due to this
potential is such that it tends to oppose the dawn-dusk electric
field which is normally present in the polar cap , and thus this
additional potential acts to drive the plasma in a sunward direction. This additional or reverse potential is assumed to be

<1>'(6, </» = -<I>;(B)

(~

+ f(B») [I + cos ( : : )]

(3)

within the polar cap (0::; Ope) and zero outside, where

d

= sin 0 sin ¢ +f(B) sin Ope
I = sin Ope(l - If(B)1)

and

. [f(B)d +

Vd' + sin' 6 cos' </>(1 - /(B» ]

A~
.
~ as 10 (2), the IMF-dependent functionf(B) creates an

etry in the polar cap flow.

Southward IMF With By = 0

For a southward IMF the predominant signature of ionospheric convection is a two-cell pattern with antisunward flow
over the polar cap. The magnitude of this flow is roughly proportional to the level of magnetic activity, as given by the Kp
index. Indeed , the variation of the total potential drop across
the polar cap as a function of Kp has been studied by various
workers [Heppner, 1973; Kivelson , 1976; Reiffet al., 1981]. This
variation is statistically the best known of the electric field
dependencies . Heppner [1973] quotes a potential of 20 kV for a
Kp of 0 and 100 k V for a Kp of 6. A linear Kp relationship based
upon these values is statistically consistent with the literature for
this dependence. Thus we have adopted the relationship

4>o(Kp)

= 10 + 6.5 Kp

(4)

where 4>0 is one half of the total potential drop across the polar
cap in kilovolts. To date, this dependence appears to be valid for
all orientations of the IMF.
The ionospheric electric field is broken into two regions: a
polar cap region and an equatorward region. These two basic
regions differ significantly in that the polar regions, both north
and south, can respond quite independently to the IMF, while
the equatorial regions, being on closed field lines, are strongly
coupled between hemispheres. The boundary between the polar
and equatorial regions is assumed to be a circle. Heppner [1972,
1973] presented restricted dawn-dusk satellite observations of
the ionospheric electric field , which gives some justification for
this assumption in the dawn-dusk plane. Indeed, in Heppner
[1977] a Kp dependence of this radius is indicated; as Kp
increases , the radius increases . Hence we adopted the
relationship
Ope = 15

+ 0.3 Kp

(5)

for the colatitude Ope of the polar cap boundary (in degrees). This
relationship is consistent with the \Dodel of Volland [1975].
The Chatanika and Millstone Hill radars only reach invariant
latitudes of about 73° and hence in the dawn-dusk sector cannot
measure the polar cap velocity reversal except under extremely
active conditions [Evans et al., 1980; Foster et al., 1981]. Thus
(5) is consistent with the radar data as well.
In the noon-midnight plane the assumption that the polar cap
boundary is a circle is less obvious. Around noon the "throat"
[Spiro et al., 1978; Heelis , 1984] and around midnight the
"Harang" features severely distort ionospheric convection. The
Chatanika and Millstone Hill radars have observed the night
sector Harang region to move well below 73° invariant, while
the noon cusp is almost always significantly poleward of 73° .
Based upon the radar data and the Heelis [1984] cusp data, we
have assumed that the polar cap circle has an antisunward offset
from the magnetic pole. Heppner [1977] suggests that in the
dawn-dusk plane the polar cap circle might also be offset toward
either dawn or dusk. For simplicity we chose to center the
reference frame of our potential model, used in section 2, at 85°
magnetic latitude on the midnight merid ian. Thus note that a
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transformation is necessary between geomagnetic coordinates
and the coordinates used for the model. A consequence of which
is that the colatitude used in section 2 cannot be readily converted to invariant latitude or L value.
A variety of observations suggest that not only should the
polar cap be offset in an antisunward direction but that it should
also be rotated 1- 2 hours toward morning [Spiro et al., 1978 ;
Heelis, 1984; Yasuhara et aI. , 1983]. These findings are also
consistent with both the Chatanika and Millstone Hill radar
observations [Foster, 1983; Evans et al., 1980]. Theoretically,
this rotation is believed to be due to an enhanced Hall conductivity in the noon sector auroral zone [Yasuhara et al. 1983]. In
the present work this rotation is not included, but in ionospheric
modeling, it could be included by an appropriate coordinate
transformation before computing the potential.
In section 2 the specification of the electric field requires the
potential to be defined on the polar cap/boundary. Volland
[1975] selected this potential so that the electric field was constant within the polar cap. However, in the noon and midnight
regions the electric field is relatively large and structured in
comparison with the rest of the polar cap. The noon throat
region is identified by enhanced electric fields [Spiro et al., 1978,
1981; Heelis, 1984], while in the midnight Harang region, discrete auroral forms are directly correlated with electric field
structures [Gurnett and Frank, 1973]. Unfortunately, neither
region is understood to the extent that detailed modeling is
realistic. To overcome this problem, Heelis et al. [1982] used a
simple procedure of defining the potential around the polar cap
circle such that the high and low electric fields occurred in the
observed regions. We followed this procedure and assumed the
potential on the polar cap boundary to be
CJ.>pc(Cp, Kp) =

CJ.>o(Kp) sin(3cp/ 2)

CJ.>pc(CP, Kp) =

CJ.>o(Kp)

CJ.>pc(CP, Kp) =
CJ.>pc(CP, Kp)

=

-rr/ 3 < cf> < rr/ 3
rr/ 3:::; cf>:::; 2rr/ 3

< 4rr/ 3

-CJ.>o(Kp) cos(3cf>/ 2)

2rr/ 3:::; cf>

-CJ.>o(Kp)

4rr/ 3:::; cf>:::; 5rr/ 3

(6)

ward of the polar cap with a function that varied with the inverse
sine of the colatitude, the exponent of this function being determined by observation [cf. Sojka et al., 1980]. Heppner [1977]
pointed out that this function was not consistent with observations in at least two major ways. First, the Volland function
placed the maximum electric field at the polar cap edge, leading
to a strong velocity shear at this edge. Second, the data seemed
more consistent with the electric field being zero below some
colatitude Oeq. From Heppner [1977] this minimum latitude can
be described as a circle which expands equatorward with
increasing Kp , except in the noon sector where Oeq is independent of Kp. At noon the location of the boundary where the
potential becomes zero was found to be near 70° invariant
latitude. This result is consistent with both radar and satellite
observations [Evans et al. , 1980; Foster et al. , 1981 ; Spiro et al. ,
1978; Heelis , 1984]. We have modeled this dependence by

= 25 + 2Kp
Oeq(cf>, Kp) = 25 + 2Kp(1 + cos cp)

-rr/ 2:::; cf> :::; rr/ 2
7T/ 2 < cf>

< 3rr/ 2

Omax(cf>, Kp)

(7)

where the polar cap offset of 5° has been taken into account so
as to place this boundary at 70° invariant latitude at cf> = 7T. If an
offset other than S° is being used , then the eq uation should also
be changed.

= Opc(Kp) + 0.3[Oeq(cf>, Kp) -

Opc(Kp)] Isin cf>1 (8)

for the boundary at which the electric field reaches a maximulll
va,lue. AI~hough Heppner [1977] suggested that the location of
thIS maXImum may be seasonally dependent, we have n '
included this dependence.
ot '
Having adopted the above relationships, the ionospheric
electric field can be obtained from equations (1) and (2) (assum.
ing the IMF dependence to be given by feB) = 0 for now). Figure .
2a shows contours of the equipotentials for this model for a Kp
= 2.5 and Bz southward. The contours are drawn in the MLT.
magnetic latitude coordinate system and are labeled in kilovolts,
In the dusk sector the contours are dashed, indicating a negative
potential. The polar cap electric fields are largest near the noon
and midnight polar cap boundaries. Higher electric fields can be '
obtained by increasing the extent of the regions of constant "
potential in the dawn and dusk sectors in equation (6).
Figures 2b and 2c show the dawn-dusk potential and electric
field distributions, respectively. Both the potential and electric
field are plotted as a function of magnetic latitude going from ~
dusk over the pole to dawn. The polar cap region shows a
uniform electric field of 14 m V / m, the calculation being done
for an altitude of 300 km. Outside the polar cap, the electric field .
has a peak value of 32 m V / m at a latitude just equatorward of ;
the polar cap. The general shape of the dawn-dusk potential and
electric field are similar to the features in the Heppner [1977] .:
and Volland [1975] models, but at lower latitudes they are '
dissimilar to the features in the Volland [1975] model.

3.2.

Volland [1975] modeled the falloff of the potential equator-

Oeq(cf>, Kp)

Between Ope and cf>eq, Heppner [1977] found that the elect "·
field reached a maxi~~m value at some location CPmax. Alongt:
dawn and dusk mendlans, a boundary where the electric fi Id'
reaches a maximum is suggested by the other data as well [He:l'
and Hanson, 1?80]. Howeve~ (in either the noon or the midni~ '
sectors), there IS no strong eVIdence for an equatorward offseto{ ,
Omax. Thus we have adopted

Southward IMF With By =F 0

The electric field has been found to significantly correlate
with By only in the polar cap. Heppner [1972, 1973] showed hoW
the dawn-dusk electric field depends on By, while Heelis [1984]
showed how the throat region also changed with By. Other
observations have found the same dependence on By [Potem ra
et aJ., 1984; Clauer et aJ., 1984; de la Beaujardiere et aJ., 1985;
Burch et al., 1985]. These observations are described in a qualitative manner by the anti parallel merging model [Crooker,
1979]. For positive By in the northern hemisphere the electric
field is enhanced in the region of the dawn polar cap, while in the
southern hemisphere the dusk electric field is enhanced. For
negative By the simple Crooker model gives the opposite electric
field variation. Observationally, this symmetry in By is not
certain, since Heppner [1977] did not see a strong dusk electriC
field for the negative By case. Theoretically, this may arise fro Ol
a noon-midnight gradient in the ionospheric conductivity which
tends to enhance the polar cap electric field in the dawn sector
[Atkinson and Hutchinson, 1978], although this asymmetry in
not included in our model.
Heelis [1984] suggests that the By dependence may be more of
a Bx , By dependence in that an IMF coordinate system taking
into account the "hose pipe" angle could be more important.
This suggestion is also supported by the early Sondrestrom data
[de la Beaujardiere et al. , 1985], although the Clauer et aJ. [1984]

'
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F igure 3a shows contours of constant potential in the
northern hemisphere for Kp = 2.5, By = 61', and Bz = -61'. The
coord inate system is the same as that of Figure 2a, and the same
contour levels have been drawn. A comparison of Figures 2a
and 3a indicates that the enhanced electric field in the dawn
sector is prominent for By > 0, as is the skewing of the two
convection cells . The dusk cell has expanded in size and occupies about half of the dawn sector polar cap. The throat feature
has asymmetries about nOOn which are like those of Heelis
[1984]. Because of the symmetry used to construct the By
dependence, the negative By case would give the same pattern
reflected about the noon-midnight meridian.
Figures 3b and 3c show the dawn-dusk potential and electric
field distribution, again for the same coordinates as used in
Figure 2. Equatorward of the polar cap the distributions are the
same as in Figures 2b and 2c; however, in the polar cap they
differ. The dusk electric field is reduced from 14 to 3 m V / m,
while the dawn electric field is increased to 25 m V / m.
3.3 .

Since 1979, when Burke et al. [1979] published data suggesting four-cell convection with sunward flow in the polar cap for a
northward IMF, various other studies have been carried out to
define the northward convection pattern [Potemra et al., 1984;
Lyons, 1985; Reiff and Burch, 1985; Chiu et 01., 1985]. Recent
interest has also been generated by the extensive DE observations of well-defined Theta-auroral signatures for northward
IMF.
We have modeled the noted sunward convection by introducing a small region of reverse potential within the polar cap. The
magnitude of this reverse potential has been roughly estimated
from the electric field data of Burke et 01. [1979] to be

24

(b)

50

25

o
50 60
PHI(KV)
-25

-50
50

(c)
<I>~(B)

25

o
E(Mv/M)

-25

-50

Northward IMF

DUSK

Fig. 2. MOdel of the northern hemisphere magnetospheric field for a
SOoth~ard IMP orientation (Bx = 0, By = 0 , Bz = -6y). (a) Contours of

~nc potential

in an MLT -magnetic latitude frame. The potential
10 ~tours are .at. 6-kV intervals. (b) The electric potential along the dusk
awn mendlan. (c) The electric field along this meridian.

!aladO not support this viewpoint. We have not included a Bx
:ndence, although if such a dependence is found to be
• P=ant, then the Bx , By coordinate system could be rotated to
. ~.e where a single parameter would describe the depen-

/(8~e By de~endence noted above is modeled by the function
". hlequahons (2) and (3). We have adopted the relationship
0.35 By

feB)

= -y'-;:::=======B~ +

B;

(9)

=

(9 Bz + 30)

4

(10)

For the case of purely northward IMF this region of reverse
potential is centered on the noon-midnight meridian. However,
for nonzero By this pattern is seen to lie in the region ofthe larger
of the two original cells [Reiff and Burch, 1985; Chiu et 01.,
1985].
Because electric fields from the reverse potential are added to
relatively strong dawn-dusk fields, the northward component of
the IMF must be above some threshold value before four-cell
convection is seen. For the value of the reverse potential given in
(3) this threshold is about 111' during very quite conditions. As
magnetic activity increases, the dawn-dusk fields increase even
more (see equation (4)), and Bz must be more strongly northward before four-cell convection is created.
After considering several schematical representations of
ionospheric convection obtained from studies during periods of
northward IMF [Potemra et 01. , 1984; Reiff and Burch, 1985;
Chiu et 01., 1985], we concluded that the extreme By cases which
appear as three-cell patterns can be described as four-cell patterns with one cell becoming very small. In particular, the study
of Potemra et 01. [1984] indicates that it is necessary for a fourth
cell to exist, even if small, for consistency with their field-aligned
current observations.
Figure 4a shows ionospheric convection for a purely northward IMF where Bz = 61' and Kp = 1. The contours are in the
same polar coordinate system as for Figure 2. A comparison of
these contours with those of Figure 2a shows qualitatively how
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(a)

18
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orientation the sunward flow region is along the midnight.
meridian and restricted to a circle of about 5° centered ~OOIl
middle of the polar cap circle.
the
The electric potential distribution, the dawn-dUsk potent"
and the dawn-dusk electric .field are show.n in Fi~ure 5 for ~~
case of a northward IMF WIth By = 6". FIgure 5 IS in the sa
format as Figure 4. The plot is for the northern hemisPhere'''~he
.
~U
Kp = 1 and Bz = 6". In thIS example the dawn electric field in th
polar cap is enhanced i~ a manner similar to the correspondin e
g
southward case (see FIgure 3). The dusk cell extends into th
e
dawn sector and superimposed upon it are two additional ceUs
One of these additional cells is centered about the pole and
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-so
(c)

50

we have included the two reverse convection cells inside the
polar cap region. For this example, the potential across these
two inner cells is II k V with the electric field in the dawn-todusk direction opposing that of the original polar cap field. A
major portion of the original two cells remains unchanged. In
addition, the general pattern for this IMF orientation is similar
to the published schematics noted above.
The dawn-dusk potential and electric field are shown in
Figures 4b and 4c, respectively. Figure 4c shows the region of
sunward plasma convection as a region in the center of the polar
cap with a positive electric field. The peak electric field in the
sunward convection region reaches 15 m V/ m. This magnitude is
similar to those observed by Burke et al. [1979]. For this IMF

25

a
E(MV/M)

-25

-50

DUSK

Fig. 4. Identical to Figure 2 except that the IMF orientation is nort:ward with Bx = 0, By = 0, Bz = 61'. The potential contours are at 4intervals.
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06
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IONOSPHERI C PLASMA CONVECTION

Having developed an IMF convection model, it is now possible to quantitatively look at how this will impact the ionosphere. In the high-latitude F region, plasma transport is dominated by the magnetospheric electric field . However, the
corotation electric field, although small, does have a noticeable
effect. Combining these two electric fields enables the F region
plasma E x B velocity to be calculated. Once this velocity is
available, the plasma trajectory and circulation period can be
calculated. These parameters can then be used to determine in
which regions of the ionosphere high or low densities can be
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Fig. 5. ~dentical to Figure 2 except that the IMF orientation is north~ard with BIC = 0, By = 6,)" Bz = 6,),. The potential contours are at 4-kV
ullervals.

corresponds to clockwise convection. The smaller cell is located
at.lBOO MLT (800 latitude) and corresponds to counterclock~ convection. What appears as a third closed cell at 1800
0
II T (45 latitude) is considered to be part of the original dusk
.:;.r even stronger By relative to Bz orientations the counter~ 1Se cell effective.ly d~sappears: . .
.
re~ .e pattern shown In FIgure 5a IS sImIlar to the schematIcs
da~rre~ to ea~lier ..U nfortunately, there are almos~ no published
Sb WIth which FIgures 5b and 5c can be compared. In Figures
~c the dawn-dusk potential and electric field are shown.
Figu glon of sunward convection has moved towards dusk (see
elect ~ 5c). In the region of sunward convection the maximum
cOn~nc ~eld is 17 m V / m, and the potential across this reverse
~~ ection region is 6 kV.

IB

6

=

1b:

Fig. 6. (0) A model of the northern hemisphere magnetospheric potential plus corotational potential contours for a northward IMF orientation of BIC = 0, By = 3,)" Bz = 6')'. The contours are drawn at 5-kV
intervals and presented in an MLT-magnetic latitude frame. (b) A
selection of ionospheric plasma convection trajectories for this IMF;
each trajectory has tick marks at hourly convection intervals around the
trajectory. The shading shows the region of sunward convection in the
polar cap. The start of each trajectory is marked with a circle.
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24
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18

6

Fig. 7. Identical to 'Figure 6 except that the northward IMF orientation is changed to Bx = 0, By = -3,)" B. = 6,),.

expected due to combinations of high- or low-speed flow with,
or without, plasma production. In our earlier high-latitude
ionospheric studies we showed how these parameters were
important indicators of ionospheric morphology for simple
two-cell plasma convection patterns [Sojka et al" 1979, 1981 ;
Sojka and Schunk, 1983]. The main transport concern in these
studies was how fast the antisunward flow over the polar cap
was or where in the dusk sector did plasma stagnation give rise
to the mid-latitude trough. With the existence of sunward flow
in the polar cap for strongly northward IMF orientations, an
entirely new aspect of plasma transport can be studied.
Figure 6a shows contours of equipotential for the combined
corotation and magnetospheric electric fields for an IMF orientation of Bx = oI' , By = 3I' , Bz = 6I' , and Kp = 1. The equipotentials are drawn at 5-kV intervals, and the nonzero potentials
equatorward of the polar region indicate the dominance of
corotation. This plot is for the northern hemisphere. These

eq~ipotential~ represent plasma con:ection .trajectories; at
latItudes the cIrcles represent corotatlOn, whIle at high latiturl..'
complex trajectories arise from the four-cell nature of the --.
netospheric field. On the dawnside of the polar cap the ~
potentials are all bunched together, indicating relativelyilli-.
antisun~ard c~nvection. However, on the duskside, two s~
convectlOn regIons separated by an "s"-shaped trajectory
present. Figure 6b shows seven individual plasma trajecto ~
plotted in a similar coordinate system for the same IMF co:
tions. Each trajector: is identified by a nu.mber, and tick 1IlarQ
are drawn at I-hour Intervals along the trajectory. TrajectOriea2
and 3 trace similar paths at low latitudes but cross the polarcap
in quite different ways. Plasma following trajectory 2 stagnates
near 1800 ML T at 68° and then meanders between all four
convection cells. In contrast, plasma following trajectory 3CUts
across the dawn polar cap, circulating around only the outer
dawn cell. A region of sunward convection exists in the dusk
sector of the polar cap between trajectories 6 and 7. The shading
has been added to highlight the extent of this region.
Figures 7a and 7b correspond to Figures 6a and 6b, respec.
tively, for an IMF orientation of Bx = O,}" By = -31', Bz='&y,
and Kp = 1. Figure 7 is also for the northern hemisphere. The
most striking difference between Figures 6a and 7a is that they
are not mirror images of each other. Our IMF By dependence~
such that positive and negative By effects are mirror images of
each other. However, when corotation is included in the ionosphere, this symmetry is removed. A consequence of this is that
the ionosphere'S response to positive and negative By convection
effects will be different. In Figure 7b a set of seven trajectories~
shown to highlight the different convection regions. Trajectory
3 encompassed three cells, the dawn cell and the two polar cap
cells. Unlike trajectory 2 in Figure 6b, for this case (Figure7b)
no plasma trajectory meanders between all the cells. As a result
of the two polar cap sections of trajectories (2 and 3) heinS
confined in a small region in Figure 7b , the plasma densities in
this region will have undergone similar histories. In contrast, in
Figure 6b the two polar cap sections of trajectories (2 and 3) 8IC
separated by a region containing a plasma convection cell; helKX
they have a completely different history and densities.
Another way to view these differences in past history is to
look at the plasma circulation time around the trajectories.
Tables I and 2 give these times for the trajectories in Figures6b
and 7 b, respectively. In Table 2 the three trajectories 3, 6, and7,
which define the extent and "history" of the sunward flo'
region, have circulation periods between 3 Y2 and 6Y2 hours. ~
corresponding sunward convection region in Figure 6b, trajectories 2, 6, and 7, have circulation periods between 3~ and,24'
hours (see Table I). These contrasting time scales are also # ,
vant when the dynamics of the magnetosphere is taken intO
consideration. The times listed in Tables I and 2 indicate the
length of time the magnetospheric electric field pattern !Dill
remain constant for a single plasma flux tube to circulate once

TABLE I.

Plasma Circulation Periods Associated With

Fi~

Trajectory

Circulation Period , h~

1

24,1
23,8
13,2
4.9

2
3
4

5

7, 6

6
7

4,1
3.8
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Plasma Circulation Period s Associated With Figure 7b

TABLE 2.

T rajectory

Circulation Period , hours

I
2

24.0
23.4
6.6
8.9
7.0
3.8
5.9

3
4

--

5
6
7

und the ionosphere. The magnetosphere may remain conaro
.
taDt for time scales 0 fh
t e order 0 f 1- 3 hours; however, time
S ales greater than IO hours are uncommon. The ramifications
sc
.
..
.
of these consideratIOns are discussed In sectIOn 5.
5.

SUMMARY

We have developed an IMF-dependent model of the magnetospheric electric field at ionospheric altitudes based upon published observations, qualitative models, and a limited understanding ofthe electric field source. The model has the following
specific dependencies:
l. The Kp index controls the cross-tail potential, the diameter
ofthe polar cap, and the extent of the equatorial falloff region.
2. For southward IMF orientations the model depends only
on the IMF By component and its relative orientation in the By,
Bz plane. There is no Bx dependence.
3. A simple Bx dependence could be introduced by a rotational transformation of the IMF about Bz such that a new By
direction could be defined as a combination of the original By,
Bz components.
4. The By dependence, namely, both weak and strong electric
field sectors in the polar cap, has opposite effects in the two
hemispheres.
5. For northward IMF orientations a pair of extra convection
cells exist inside the polar cap, which give rise to a region of
sunward convection. The location of this sunward convection
region moves into the dawn or dusk sector depending upon By
and the hemisphere.
The basic model contains a high degree of symmetry in the
electric field dependence upon the polarity of By. When the
corotation field is introduced, the resulting ionospheric patterns
no longer show this symmetry. In 't he polar cap regions under
northward IMF conditions the existence of a corotational field
has not yet been proven. The question of its existence should be
pursued both theoretically and experimentally since its presence
Would have an effect on ionospheric convection even in the
polar cap.
. Our model has been developed for constant IMF orienta-

~ons. The validity of our assumption that a fixed IMF orientation produces a fixed ionospheric convection pattern is at the
.
'
. nt hme, difficult to verify. After a change in the IMF
OIlcntation there would be a time delay before the ionospheric
~nvect~on pattern changed. This time period may be as short as
pacwnunutes, the AlfvCn propagation speed from the magnetopr:e to .the ionosphere, or significantly longer if horizontal
iJnp~~abo.n due .to flux tube transport across the polar cap is
proees ant lD settmg up the new convection pattern. The latter
ties s m.ay lead to time constants of several hours. Complexi.. ~soClat~d with the inertia of the atmosphere may lead to
lraas't~SPhenc-ionospheric generated electric fields during the
, lIon from'
.
.
OQc.A'
. one lOnosphenc convectIOn pattern to a new
. ;. gam, a tIme period of several hours may be involved.

Pttse·

The ramifications of this time "delay" in the ionosphere 's
electric field response can best be seen from data. Heppner
[ 1973] published two sets of examples of dawn-dusk electric
field crossings for selected IMF periods. His first example,
Heppner [1973 , Figure 8], is an orbit taken -4 hours into a
northward IMF period, showing a well-defined sunward convection region in the middle of the polar cap. The subsequent
orbit shows a similar sunward convection region, although the
IMF had very definitely turned southward just prior to the
second orbit. A dawn-dusk orbit crosses flux tubes in the polar
cap which were not directly connected to the dayside magnetopause, and hence no direct correspondence between these data
and the current IMF would necessarily be expected, but rather a
correlation with IMF a few hours earlier. Heppner [1973, Figure
9] also shows a set offive successive orbits during a period when
the IMF reverses several times on a one to 2-hour time scale. The
data all show very similar electric field patterns. Again, the data
do not show a "strong" response to the marked IMF northwardsouthward changes during this period.
In summary, it appears that the time period for the ionospheric convection pattern to respond to changes in the IMF
orientation is longer than a few minutes; however, exactly how
long is unknown. Hence our model could not be used for studies
where the IMF fluctuates faster than about an hour between
northward and southward orientations. Alternatively, the model
would be reasonable if the IMF were relatively constant for
periods greater than several hours. Although infrequent, such
periods are found, and the DE mission has acquired significant
data sets for such conditions. We have in fact developed this
convection model so that we can study these periods with our
global ionospheric model.
From our comparison of current studies of the convection
electric field, it seems that a number of empirical studies still
need to be made. First, there is a need for a large-scale statistical
analysis of convection data for IMF conditions which have been
constant for several hours. This study would, for the first time,
give insight into the true IMF control of the ionospheric convection pattern. To date, the IMF-dependent convection studies
have considered limited data events or restricted location.
Second, coordinated multiple satellite and ground-based convection observations need to be used in an attempt to elucidate
the convection electric field time constant. From the above
discussion, this time constant could vary significantly from a
few minutes to many hours depending upon the as yet unknown
magnetosphere-solar wind interaction which results in the convection electric field. Finally, given that these selected data sets
for "fixed" IMF orientations exist, it will be possible to study
other effects, such as seasonal effects, a By/ Bx dependence, a Bz
threshold for four-cell formation, and a nonsymmetric dependence upon By.
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